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Deterministic droplet-based co-encapsulation and
pairing of microparticles via active sorting and
downstream merging†

Meng Ting Chung, a Daniel Núñez, b Dawen Cai *bc and Katsuo Kurabayashi *ad

Co-encapsulation of two distinct particles within microfluidic droplets provides the means to achieve various

high-throughput single-cell assays, such as biochemical reactions and cell–cell interactions in small isolated

volumes. However, limited by the Poisson statistics, the co-encapsulation rate of the conventional co-flow

approach is low even under optimal conditions. Only up to 13.5% of droplets precisely contain a pair of

two distinct particles, while the rest, either being empty or encapsulating unpaired particles become

wastes. Thus, the low co-encapsulation efficiency makes droplet-based assays impractical in biological ap-

plications involving low abundant bioparticles. In this paper, we present a highly promising droplet merging

strategy to increase the co-encapsulation efficiency. Our method first enriches droplets exactly encapsulat-

ing a single particle via fluorescence or scattering-light activated sorting. Then, two droplets, each with a

distinct particle, are precisely one-to-one paired and merged in a novel microwell device. This determin-

istic approach overcomes the Poisson statistics limitation facing conventional stochastic methods, yielding

an up to 90% post-sorting particle capture rate and an overall 88.1% co-encapsulation rate. With its supe-

rior single-particle pairing performance, our system provides a promising technological platform to enable

highly efficient microdroplet assays.

Introduction

Droplet-based microfluidics has been widely used in various
biological assays at single-cell resolution such as antibody
screening,1,2 enzyme screening,3 drug screening,4 genomics,5

transcriptomics,6 and cell–cell interaction analysis.7,8 Droplet-
based cell assays compartmentalize single cells in an immisci-
ble two-phase flow and enable high-throughput analysis while
preserving the characteristics of each cell in a small-volume
droplet. The process of encapsulating microscale particles in
droplets is a stochastic process, in which the probability of
observing k particles occupying a droplet follows a discrete
Poisson distribution,9 given by:

(1)

where λ is the average number of particles per droplet. Here,

λ is defined as , where c is the concentration of the

particle suspension and Vdrop is the volume of each droplet.
To avoid error caused by encapsulating more than a single
particle in each droplet (k > 1), one must flow particles at low
concentration (λ ≪ 1) such that Pλ(k > 1,Poisson) ≪ 1. As a re-
sult, most of the droplets come out empty, which reduces the
screening throughput and increases the reagent cost. This is-
sue becomes more pronounced when the assay requires co-
encapsulation of a pair of two distinct particles in the same
droplet.

Co-encapsulation of a cell–particle or cell–cell pair is a
critical process in single-cell secretory analysis,1 single-cell
mRNA sequencing (Drop-seq),6 and cell–cell communication
study.10 In most cases, the assay process strictly requires one-
to-one pairing of either a cell and a microbead or two cells to
obtain unambiguous single-cell study results. The conven-
tional approach to pair two distinct particles by a co-flow
scheme suffers from low pairing efficiency that results from
multiplying the low-probability Poisson statistics of two rare
events, which requires the two distinct particles to be trapped
exactly within the same droplet (Fig. 1a). As a result, co-
encapsulation assays turn out to generate mostly negative
droplets, including those with a single particle or a doublet
of particles of the same type, thus yielding significant sample
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loss and error in downstream analysis. Such a sample loss is
particularly intolerable if the biological particles are rare and
precious cells.11,12

To overcome the Poisson statistics limitation, a few stud-
ies have explored alternative encapsulation approaches. For
example, Edd et al.13 created self-ordered trains of cell parti-
cles by a hydrodynamic effect so that each particle is lined
up with the same interval before its encapsulation in a drop-
let. Such ordered cell particle trains can be synchronized with
the formation of droplets at the same frequency, thus
resulting in high single-cell occupancy of the droplets. Later,
Lagus et al.14 demonstrated co-encapsulation of cell–cell
pairs by co-flowing two distinct cell types based on a similar
synchronization mechanism to the one described above. This
approach has limited application because forming a cell train
requires a high density of cells that are homogeneous in size.
Moreover, owing to the large amount of time needed to ad-
just the balance between aqueous and oil inflows, it is still
challenging for this approach to obtain a high co-
encapsulation yield with considerably small sample loss. Al-
ternatively, Abate et al.15 used mechanically deformable parti-
cles which can be closely packed in a channel to achieve or-
dered encapsulation, in order to increase pairing efficiency
and accuracy. This method has been further applied to co-
encapsulation of cell–bead pairs during inDrop single-cell
mRNA sequencing.16 However, only particles made from soft
materials, such as hydrogels, are capable of being closely-
packed in a channel to achieve ordered encapsulation. Given
these limitations, we seek to develop a more robust method
that permits one-to-one encapsulation of desired objects.

Here, we demonstrate a novel microfluidic droplet-based
assay resulting in highly efficient co-encapsulation of two dis-
tinct particles with significantly low loss (Fig. 1b). Our ap-
proach first generates two different types of droplets, for ex-
ample, encapsulating either a single cell or a single bead
individually, and eliminates empty droplets by photoactivated
droplet sorting. Next, the two different types of droplets are
paired on a one-to-one basis and merged to generate droplets
that contain exactly two different objects. Traditionally, effi-

cient post-sorting droplet merging has been perceived as
unfeasible for samples of low abundance because it requires
highly challenging off-chip handling of a tiny total volume of
sorted droplets (for example, 1000 of 50 μm droplets are only
65 nl in total volume) and precise one-to-one pairing. Droplet
pairing and merging is performed based on either a serial or
parallel coalescence approach. A serial approach pairs two
types of droplets after sequentially injecting them into a flow
channel and forming a flow of their equidistant pairs.17 Al-
though this approach appears to work well with a large num-
ber of droplets available, its overall recovery rate would be
low when handling a small number of droplets. This method
wastes a significant number of droplets at the initial stage of
the droplet injection process before the system operation
reaches stability. Therefore, a serial approach is unlikely to
serve well for rare sample applications. In contrast, a parallel
approach first forms multiple static droplet pairs in a storage
array and later merges them all together in the massively par-
allel manner.18–20 This approach provides a basis for our
method here and, coupled with a well-designed microfluidic
device, may even handle small droplet quantities better than
conventional methods. Our study seamlessly integrates drop-
let generation, sorting, capturing, pairing, and merging pro-
cesses in one system to reduce the complexity of the assay.
The desired particles are actively selected and paired pre-
cisely on a one-to-one basis inside of the droplets, therefore,
overcoming the sample loss due to the Poisson statistics. The
ability of our system to generate and sort droplets encapsulat-
ing particles with distinct sizes and photo-properties permits
its versatile implementation in a wide spectrum of single cell-
or microbead-based assays.

Methods
Microfluidic system

Our microfluidic system consists of two sub-component de-
vices: (1) a droplet generating device with a built-in photo-
activated sorting function (Fig. 2a–c) and (2) a droplet merging
device (Fig. 2a and d). The outlet of the former device is
connected via microbore tubing to the inlet of the latter one.
Both devices are made of polydimethylsiloxane (PDMS) by the
standard soft lithography method, and the electrodes are fabri-
cated by filling the microchannel with a low melting Bi/In/Pb/
Sn alloy (247 Solder) at 150 °C. The channels of all the devices
are silanized with trichloroĲ1H,1H,2H,2H-perfluorooctyl) silane
to prevent droplet wetting.

Droplet generating/sorting device

The droplet generating/sorting device incorporates an active
droplet sorting function21 by which only desired droplets are
selected and guided to its collection channel. We employ two
orifice designs of different sizes (Fig. S1†) for the device's
flow-focusing zone structure to generate water-in-oil (HFE
7500, 3M) droplets that are 80 μm and 40 μm in diameter.
The droplets are stabilized with 2% EA surfactant (RAN bio-
tech.) in the oil phase. While passing by the detection zone

Fig. 1 (a) Conventional co-flow scheme for encapsulation of two dis-
tinct particles. Due to two independent Poisson events, the population
of droplets encapsulating a pair of two distinct particles constitutes a
small fraction. (b) Our new approach to particle co-encapsulation in
droplets. This approach first involves sorting of single-particle encap-
sulating droplets, which is followed by pairing and merging of two
sorted droplets, each encapsulating a different particle. As a result,
nearly 100% of the sorted droplets encapsulate only one particle. Then,
the merged droplets turn out to encapsulate exactly two distinct
particles.
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in front of an embedded optical fiber (F-MCB-T, Newport),
the droplets are excited by a laser beam (450 nm, 50 mW) fo-
cused with a 10× objective lens (Fig. S2†). The fluorescence
and scattering light are collected by the optical fiber and
detected using two photomultiplier tubes (H9306-03, Hama-
matsu). A dichroic mirror (500LP) and two bandpass filters
(CW450 nm and 525 nm) are used to separate fluorescence
and scattering light. The signal is then processed in real time
using a customized electrical circuit. Detection of a droplet
signal triggers a high-voltage AC pulse (<2 kVpp, 30 kHz) at
microelectrodes. The dielectrophoresis (DEP) effect due to a
strong AC electric field around the microelectrodes pulls
signal-emitting droplets into the collection channel while
empty droplets simply flow into the waste channel following
lower fluidic resistance (Mov. S1 and S2†).

Droplet merging device

The droplet merging device incorporates a flow channel that
contains a uniquely designed 1152-microwell array. The
merging device captures droplets entering from the upstream
collection channel of the droplet generation/sorting device by
buoyancy trapping. Each microwell is designed to trap exactly
two droplets with different sizes (Fig. 2d and S2†). We first
flow 80 μm-diameter droplets (volume: 268 pL) into the merg-
ing device channel (height: 500 μm) and then trap them in
the microwells until all the trapping sites are filled (Fig. 4a).
Similarly, we sort and trap 40 μm-diameter droplets (volume:
34 pL) and then pair them one-to-one with the 80 μm drop-
lets in the microwells (Fig. 4b). After flushing out the excess
untrapped droplets, an oil containing 2% (v/v) perfluoro-

butanol (PFB) is flowed into the device channel as a
demulsifier to trigger merging events (Fig. 4c, Mov. S3†). Sub-
sequently, an oil with 2% EA surfactant is flowed into the de-
vice channel again to re-stabilize the merged droplets, which
are then released from the microwells by flipping the device
(Fig. 4d). The droplet capturing and merging efficiencies of
our device are measured using two-color (red and green) dyed
droplets for visualization (Fig. 4e). The co-encapsulation ex-
periment is performed using 15 μm fluorescent microbeads
(F8844, Thermo Fisher Sci.) and 30 μm non-fluorescent
microbeads (TOYOPEARL HW-65S). These beads are
suspended in PBS solution with 16% (v/v) OptiPrep density
gradient medium (Sigma) and 0.2% TWEEN 20 to prevent
their aggregation.

Results and discussion
Serial generation and sorting of droplets of two different
sizes that contain two particle species

Hydrodynamic trapping in a microfluidic device has been
used for single-cell capturing.22 However, the size heterogene-
ity of cells often found in biological samples limits the wider
use of conventional trapping methods which assume that all
particles are uniform in size. Alternatively, a flow-focusing
structure23 can be used to encapsulate single cells within
monodisperse microdroplets, which provides an ideal means
to capture these heterogeneous single cells. This approach
first requires generation of droplets of constant size that is
large enough to encapsulate cells of any sizes and still fits to
the size of a downstream single-droplet capturing chamber.

Fig. 2 (a) Schematic of the microfluidic system composed of droplet generating/sorting and droplet merging devices. (b) Droplet generation
process. Water-in-oil droplets, each encapsulating a single particle, are generated at the flow-focusing structure. (c) Droplet sorting process. The
droplets generated in (b) are sorted to the upper outlet channel connected to the downstream droplet merging device by the photoactivated
sorting scheme. The white dashed circle indicates the position of the detection zone next to the embedded optical fiber illuminating laser light
and collecting a droplet optical signal. The merging device is composed of 1152 trapping sites where droplets of two different sizes are captured
and paired. (d) Image of 40 μm-diameter droplets each with a fluorescent bead, which are paired with 80 μm-diameter droplets each with a non-
fluorescent bead at the merging device. Some of the fluorescent beads stay at the water–oil interface due to the hydrophobicity of their constitu-
ent material, polystyrene. The water absorption by the PDMS material causes droplet shrinkage within the merging device, resulting in a droplet
size variance of <10% after 100 min incubation. Scale bar: 100 μm.

Lab on a ChipPaper



Lab Chip, 2017, 17, 3664–3671 | 3667This journal is © The Royal Society of Chemistry 2017

Although many other studies elucidated the mechanism of
droplet formation, there exists no simple scaling law towards
generating a desired droplet size while considering many di-
mensional and fluidic parameters.24 Here, we empirically de-
termined conditions that generate 40 μm- and 80 μm-diameter
droplets using two droplet generating/sorting devices with dif-
ferent orifice sizes. The 40 μm- and 80 μm-diameter droplets
can encapsulate, at high throughput, most mammalian cells
and engineered microbeads (<60 μm), respectively.

Fig. 3 shows the formation of different droplet sizes that
result from different combinations of water and oil flow rates
(Qw and Qo). With the water/oil flow rate ratio being properly
adjusted, both droplet generating/sorting devices met the de-
sign specifications leading to the targeted droplet sizes
(shaded zone in Fig. 3). The interface of the generated drop-
lets was stabilized during their passage through the short
channel of the device, and a spacing oil was added to provide
an appropriate distance between adjacent droplets. The pres-
ence of a droplet itself generates additional hydraulic resis-
tance against other droplets flowing within the microfluidic
channel. Thus, setting enough inter-droplet spacing is impor-
tant to prevent physical interferences between droplets at the
Y-shaped outlet junction. The optimal spacing distance was
empirically determined by adjusting the oil-to-water flow ra-
tio until we started to observe all the droplets flowing into
the collection channel (or the waste channel) in the presence
(or absence) of the electric field. Here, the flow rate of spac-
ing oil Qs is given by Qs = (S·Qw) − Qo, where S = 12 represents
the droplet-to-droplet distance normalized by the droplet di-
ameter, which is approximately equal to the dispersed phase-

to-continuous phase volume ratio. We found that the applied
electric field was unable to reliably deflect every droplet into
the collection channel when the water flow rate exceeded 5 μl
min−1. This sets the upper bound for the sorting throughput
at 2000 s−1 for 40 μm droplets and 300 s−1 for 80 μm droplets,
respectively.

We next validated the accuracy of the droplet generating/
sorting device performance by using both fluorescent (type-a)
and non-fluorescent (type-b) microbeads. We generated 40
μm-diameter droplets with a single type-a bead and 80 μm-
diameter droplets with a single type-b bead at a concentra-
tion of 1500 and 200 beads per μl, respectively. These concen-
tration values correspond to 0.05 beads per droplet (λa = λb =
0.05) for the both droplet types. The generated droplets were
subsequently sorted on the same device while empty droplets
were discarded to the waste reservoir. We found that more
than 99.5% of the sorted droplets encapsulated at least a sin-
gle bead (Fig. S3†). We observed that a small (<3%) popula-
tion of the sorted droplets contained a doublet or clumps.
Our sorting process could not easily exclude these droplets.
Further sample dilution and sample pre-filtration would be
necessary to eliminate the formation of these droplets and to
remove the clumps. At a given signal-to-noise ratio (SNR) of
our setup, the setting of the sorting gate determined the rate
of the false positive output associated with the presence of
an unsorted droplet with a bead(s). With an appropriate
sorting gate being applied, we were able to suppress the false
negative output rate to <1% (Fig. S4†). We also tested our
system's capability of sorting droplets encapsulating non-
fluorescent HeLa cells detected by light scattering. The result
was comparable to the sorting result with the fluorescent
beads above (Fig. S5†). The label-free sorting could bring a
technological benefit to droplet assays as it simplifies assay
operations.

Droplet capturing, pairing, and merging

There is a significant technical challenge to efficiently merge
two droplets with one-to-one precision. Here, we proposed a
solution, in which the droplet generation/sorting process and
the droplet merging process were performed serially using
the two subunit microfluidic devices. This approach elimi-
nated the need for the practically challenging process of syn-
chronizing the flows of two droplets prior to their merging.
The microbore tubing (0.010″ ID × 0.030″ OD) connecting the
merging device to the droplet generating/sorting device
guaranteed no-loss droplet transfer while protecting the drop-
lets from destruction caused by the surface tension force
emerging from the off-chip operation. The merging device
exerted no significant backpressure to the droplet generating/
sorting device, therefore not altering the flow speed in the
upstream device. Achieving such a practically advantageous
condition would be difficult with a conventional droplet
merging technique driven by a hydrodynamic pressure gradi-
ent along the flow direction. Here, we introduced a novel ap-
proach of utilizing buoyancy to generate a vertical trapping

Fig. 3 Diameter D (μm) and throughput (s−1) of droplet generation (or
sorting) at different original oil (Qo), water (Qw), and spacing oil (Qs)
flow rates (μl min−1). Devices with two different orifice features (25 μm
× 40 μm and 70 μm × 70 μm) are used to generate droplets with
diameters that stay within the tolerance range of 40 ± 4 μm and 80 ±

8 μm. The 10% size tolerance allows the pairing and merging process
to yield reproducible results. Qs is set to guarantee a minimum
distance S ∼ 12D between two adjacent droplets. Therefore, Qs =
(S·Qw) − Qo. The error bars were determined from photo images
across >100 droplets from three repeated experiments.
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force orthogonal to the flow direction. This feature also
allowed us to do the “hot-swapping” of a fully filled merging
device without disrupting the upstream sorting process.

Another challenge that we addressed was achieving a high
droplet retention rate, which is given by the ratio of the num-
ber of successfully captured droplets to the number of origi-
nally loaded droplets. Most conventional droplet merging ex-
periments require the use of abundant droplets to guarantee
the filling of nearly all capturing sites. While this leads to a
high occupancy rate, a large proportion of droplets is wasted,
thus resulting in a significantly low retention rate. In con-
trast, our post-sorting/alignment strategy could retain a very
small number of droplets in the merging sites to simulta-
neously achieve both high retention and high trapping site
occupancy rates.

Fig. 4a–d show the side views of the merging device and
the workflow of merging pairs of 80 μm-diameter green-dyed
droplets and 40 μm-diameter red-dyed droplets. The device
chip has 1152 trapping sites, each of which consists of a pair
of larger and smaller microwells to trap the 80 μm- and 40
μm-diameter droplets, respectively. We first flowed the green
droplets into the device, where its wide flow channel slowed
down the flow speed and caused the droplets to first be stag-
nant and then move slowly along the top side of the channel.
Once a desired number (detailed below) of the green droplets
were collected, we turned off the upstream sorting operation
and disconnected the tubing from the droplet sorting device.
Then, the droplets were floated by buoyancy into the empty
trapping sites while we were tilting the merging device. Con-
sequently, they were trapped inside the larger microwells of
the device. This operation was performed using an optical
microscope to achieve precise and careful tilting and visual
examination of the device, which allowed all the droplets to

be gradually captured in the trapping sites. In addition, we
found that an external oscillating flow in the bottom channel
could further enhance the alignment between the droplets
and the capturing microwells to achieve both high occupancy
and retention rates. A nearly 100% retention rate could be
achieved when droplets fewer than the on-chip trapping sites
(1152 wells per chip) were introduced into the merging device
(Fig. 4e, green squares). In addition, a nearly 100% occu-
pancy rate was achieved when droplets as few as ∼1300 were
loaded into the device (Fig. 4e, green squares). Once all the
larger microwells were filled with the 80 μm-diameter drop-
lets, we loaded an external oil flow to wash out uncaptured
excess droplets. The captured droplets stayed stably in the
capturing sites during the washing process at an oil flow
speed <10 mm s−1.

In the same way, we flowed the 40 μm-diameter droplets
into the merging device to fill the smaller microwells adja-
cent to the larger ones filled with the 80 μm-diameter drop-
lets by the operation above (Fig. 4b). Once all the trapping
sites were filled with droplet pairs, we again loaded an exter-
nal oil flow to wash out the excess droplets. We could achieve
a retention rate close to 100% when smaller droplets <400
were flowed into the device. This rate slightly dropped down
to ∼90% when the number of the droplets increased to 1100
(Fig. 4e, red triangles). It should be noted that achieving an
occupancy rate of 95% required ∼2000 smaller droplets. This
condition decreased the retention rate to 55% (Fig. 4e, red
triangles). Overall, the retention rate of the 40 μm-diameter
droplets was lower. This is because these droplets have less
chances of flowing through the smaller microwells. In addi-
tion, the smaller droplets experience relatively stronger drag
force than buoyancy force, which also decreases the trapping
chances. Finally, an external oil containing 5% PFB was

Fig. 4 (a–d) Sequential schematics (side-view) and images (top-view) of droplet capturing, pairing, and merging steps. The black arrow indicates
the dominant force in each step. (a) 80 μm-droplets (green) loaded into the droplet merging device first settle in the trapping sites by the buoy-
ancy force. An external oscillating flow in the bottom channel enhances the capturing efficiency. Scale bar: 200 μm. (b) Similarly, 40 μm-droplets
(red) are captured and paired with the green droplets already captured in the trapping sites. (c) An external flow containing the demulsifier is used
to cause drag force-driven physical contact between two paired droplets, which triggers their merging. (d) After re-stabilizing them, the droplets
can be released by flipping the device. (e) Correlation between the number of input (loaded) droplets and the number of captured droplets. The
green and red dots indicate 80 μm (green) and 40 μm (red) droplets, respectively. The retention rate (gray dashed lines) is defined as the number
of captured droplets/the number of input droplets. The occupancy (right axis) is defined as the number of captured droplets/the number of avail-
able capturing sites. The error bars are standard deviations. Only standard deviations >20 are plotted. The square and triangle dots represent the
mean values obtained from at least 2 independent repeats.
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loaded into the device to destabilize and merge two adjacent
droplets (Fig. 4c). The PFB molecule existing at the interface
between the two types of droplets increases the surface ten-
sion.25 An additional pressure provided by the oil flow gener-
ates physical contact between the two droplets, which trig-
gers the merging events. Only a very small fraction of the
droplet pairs did not merge (typically <1%) because the 40
μm-diameter droplets became wetted onto the PDMS chan-
nel surface before coming into contact with the 80 μm-
diameter droplets. A PFB-free HFE oil with EA surfactant
was then immediately loaded into the channel to dilute the
PFB concentration once all the droplets merged. Since PFB
molecules may cause permanent wetting of the droplets onto
the PDMS channel surface, we limited the time of their ex-
posure to PFB to a few seconds. After being re-stabilized
with the EA surfactant (within a minute), the merged drop-
lets were released from the capturing sites by flipping the
merging device chip (Fig. 4d). The chemically induced coa-
lescence method in our study is relatively simple without re-
quiring additional equipment. However, there are other non-
chemical methods that could be explored to avoid potential
chemical toxicity to biological particles, such as those based
on electric fields,26,27 surface acoustic waves,28 and localized
laser heating.20

Microbead co-encapsulation

Using the system mentioned above, we sequentially sorted
1300 80 μm-diameter droplets encapsulating a non-
fluorescent bead (type-a) and 2000 40 μm-diameter droplets
encapsulating a fluorescent bead (type-b) and injected them
into the merging device with 1152 trapping sites. Nearly
100% of the trapping-sites were filled with type-a droplets,

and 95% of these droplets were paired with subsequently
trapped type-b droplets. After merging all the droplet pairs,
we counted the number of the beads inside the merged drop-
lets. Fig. 5 shows the optical image of the merged droplets
on the device (Fig. 5a and b) and the plot of the fractions of
droplets encapsulating ka of type-a beads and kb of type-b
beads across the total counted droplets of N = 3150 from 3 re-
peats with a set of 3 different merging devices (Fig. 5c). We
found that 88.1 ± 2.6% of the droplets exactly encapsulated a
one-to-one pair of the type-a and type-b beads. 7.2 ± 1.6% of
the droplets contained only a single bead (either type-a or
type-b) mostly due to a failure in droplet pairing before the
merging process. 3.5 ± 2.7% of the droplets encapsulated an
undesired combination of the beads, such as (ka, kb) = (0, 2),
(2, 0), (1, 2), (2, 1)… as a result of doublets existing in the
small fraction of the previously sorted droplets. And the rest
of the population (1.1 ± 0.9%) contained empty or unmerged
droplets. In general, the probability of achieving the one-to-
one pairing of a single type-a bead and a single type-b bead
in the merged droplet with our device is given by

P(ka = 1∩ kb = 1,merging) = η × Pλa(ka = 1|ka ≥ 1,Poisson)
× Pλb(kb = 1|kb ≥ 1,Poisson), (2)

where η is the occupancy of the 40 μm-diameter droplets in
the merging array, defined in Fig. 4e. PλaĲka = 1|ka ≥ 1,Poisson)
is the probability of generating a droplet with a single type-a
bead after sorting and PλbĲkb = 1|kb ≥ 1,Poisson) is the proba-
bility of generating a droplet with a single type-b bead after
sorting.

Fig. 5c shows the co-encapsulation result expected for
the conventional scheme, where the probability of generating
a droplet with ka of the type-a beads and kb of the type-b

Fig. 5 (a) Scanned image of merged droplets in the droplet merging device. Florescent/non-fluorescent microbeads are one-to-one co-encapsulated
in each droplet. The yellow circles indicate the droplets that contain the undesired combination of beads. (b) Zoom in of the droplets from (a). (c) The
histogram shows the percentage of droplets that contain ka fluorescent beads and kb non-fluorescent beads. As a comparison, the estimated co-
encapsulation distribution that is expected from the conventional co-flow method is also plotted for λa = λb = 1 or 0.1. Three sets of experiments
were repeated with 1050 droplets on average for each test. The error bars represent standard deviations. Scale Bar: (a) 0.5 mm, (b) 100 μm.
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beads is simply given by multiplying two independent
Poisson statistics fractions as

Pλa,λb(ka,kb,Poisson) = Pλa(ka,Poisson) × Pλb(kb,Poisson). (3)

At a concentration corresponding to λa = λb = 1, the one-to-
one pairing rate reaches a theoretical maximum rate as P1,1
(ka = kb = 1,Poisson) = 13.5% (Fig. S6a†). However, there is a
high fraction (26.4%) of droplets that encapsulate undesired
bead combinations (ex.: (ka, kb) = (1, 2), (2, 1)…). Such a pop-
ulation is even 2-fold larger than the desired population of
droplets with an exact pair of one cell and one bead (Fig.
S6b†). Minimizing the percentage of droplets encapsulating
particles with undesired combinations is important in practi-
cal droplet-based assays. For example, Drop-seq assay strictly
requires one-to-one pairing between a cell and a bead
engineered with unique ssDNA barcodes.6 If such a bead was
paired with more than one cell, the bead would have a
chance to capture mRNA molecules from multiple cells. The
resulting cDNA from the different cells will be tagged with
the same barcode and recognized as the cDNA from the same
cell. Therefore, the transcriptomic information extracted
from this particular DNA-barcoded bead becomes incorrect
and leads to a wrong data interpretation. To avoid this, the
conventional Drop-seq assay uses a very low concentration of
cells (beads), which is equivalent to ∼ one cell (bead) per 10
droplets (λa = λb = 0.1) or even lower.6 The sample dilution re-
quired by the assay causes 90% of cells (beads) to be wasted.
Here, the error leading to undesired cell-bead paring occurs
at a probability of 0.1. If we assumed the type-a beads to be
cells, our approach would achieve cell–bead pairing at high
accuracy, yielding an error as small as 0.038 (λa = λb = 0.05)
without increasing the sample loss. Indeed, the loss remains
constant with λa and λb in our assay (i.e., the original concen-
trations of cells and beads before encapsulation) since it is
solely determined by the number of loaded droplets and the
droplet merging device design, not by the Poisson statistics.
As a result, this accuracy can be further enhanced by reduc-
ing the sample concentration in our method without affect-
ing the sample loss. A longer sorting time may result from
the increased dilution. This could be avoided by increasing
the sorting throughput, which may require us to change the
DEP-based droplet sorting microfluidic design and operation
conditions to be similar to those demonstrated by a previous
study.29 There is much room in our method for reducing the
sample loss by adjusting the number of loaded droplets or
optimizing the device design. In addition, our method is
expected to significantly conserve reagents as well as samples
(Fig. S7†).

Conclusions

In this study, we developed a microfluidic system that cou-
ples passive encapsulation, opto-activated sorting, stop-flow
capturing, size-selective pairing, and on-demand merging in

a highly-integrated platform. The multi-functional integration
enabled one-to-one pairing of two distinct particles inside
droplets with a very high yield. By actively capturing and
pairing each particle, we achieved a one-to-one pairing effi-
ciency of 88.1%. This represents a significant improvement
in both pairing accuracy and yield as compared to a pairing
efficiency of 13.5% achieved by conventional Poisson
distribution-limited co-flow systems. We found that it was
the droplet retention rate resulting from our device design,
not the Poisson statistics, which determined the particle loss
in our method. Thus, we could further prevent sample loss
by improving the retention rate with optimization of the
microfluidic device design.

The developed platform imposes no restrictions on the
physical properties (size, shape, stiffness…etc.) of particles as
long as they can be optically differentiated. The system shows
the ability to perform assays with a wide range of sample
density. The number of the microwells in the droplet merg-
ing device is also scalable from just a few to thousands of ar-
rays due to its simple design. Furthermore, our system en-
ables in-device examination before and after droplet
merging, which allows both direct measurement of pairing
quality and direct observation of post-merging regent reac-
tions. The versatility of our system makes it suitable for a
wide spectrum of assays. For example, it can be immediately
applied for studying cell–cell interactions between two dis-
tinct cell types7,8 or to single-cell transcriptomic/proteomic
analysis by using primers/antibody-coated microbeads.6
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